Objective: The ascending reticular activating system (ARAS) modulates circadian wakefulness, which is preserved in a persistent vegetative state (PVS). Its metabolism is preserved. Impairment of metabolism in the polymodal associative cortices (i.e., precuneus) is characteristic of PVS where awareness is abolished. Because the interaction of these 2 structures allows conscious sensory perception, our hypothesis was that an impaired functional connectivity between them participates in the loss of conscious perception.
Persistent vegetative state (PVS) describes a unique disorder in which patients who emerge from coma seem to be awake but show no signs of awareness. The ascending reticular activating system (ARAS) is located at a critical juncture in the inflow of sensory information, and its activity modulates circadian wakefulness. No abnormality has been reported in the ARAS in PVS so far. 1 According to some authors, activity in the precuneus is a sign of self-referential processing during which stimulus-independent thought could participate in the emergence of perceptual awareness. Its metabolism is impaired in PVS. 2 In healthy subjects, effects of each structure on each other (precuneus and ARAS) exist in the basal state, are opposite, and are thought to predict whether a somatosensory stimulus will be consciously perceived. 3 We found it appropriate to evaluate the interactions between the 2 competing systems in the development of conscious perception during a sensory stimulation. Functional connectivity was used to assess this interaction. Basal resting activity was first measured in patients and controls to detect abnormalities in these structures before assessing a putative impaired interaction. On the basis of H 2 O 15 PET measurement of cerebral blood flow during a resting state, we made the hypothesis of a preserved metabolism in the ARAS. Later, we chose a proprioceptive nonpainful stimulus, passive extension of the finger. Because the interaction of the ARAS and the precuneus allows conscious sensory perception, 3 our second hypothesis was that an impaired functional connectivity between both structures participates in awareness loss during PVS.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the Ethics Committee of the University of Toulouse (France). Written informed consent was obtained from the persons having legal responsibility for the patients and from all controls subjects according to the Declaration of Helsinki.
Participants.
We conducted a prospective study of 10 nonsedated patients in PVS (8 men and 2 women, ranging in age from 19 to 64 years) and 10 healthy volunteers (7 men and 3 women, ranging in age from 21 to 65 years, without significant history or examination abnormalities). Clinical diagnoses were made on the basis of repeated, standardized evaluation and conformed to international established criteria for PVS. [4] [5] [6] Patients were assessed by experienced practitioners outside the study: 2 weeks and 1 day before scanning, the day of the scan, and 1 month after the scan. None of the patients in PVS showed normal flexion or withdrawal in response to verbal or noxious stimuli. All patients had spontaneous breathing and had retained pupillary, corneal, and vestibular reflexes (table). In 6 cases, the PVS was associated with diffuse axonal injury (road traffic accident), and in 4 cases, the PVS was associated with anoxic brain injury after resuscitation from cardiac arrest. The average time between the initial damage and the PET examination was 109 Ϯ 45 days (more than 30 days in all cases).
After admission to the hospital and while in awake periods (as demonstrated by simultaneous polygraphic recordings), patients and healthy subjects underwent scanning. Data acquisition. The protocol consisted of H 2 O 15 PET cerebral image acquisition (ECAT EXAT HR, Siemens, Munich, Germany) during rest or during somatosensory stimulation. Six H 2 O 15 scans were acquired at 8-minute intervals in 3-dimensional mode. Each scan consisted of 2 frames. The slow IV water infusion began just before the second frame to observe the head curve rising within the first 10 s of the second frame. Eight millicuries (296 MBq) was injected for each scan. The infusion was totally automated. Anatomic images were acquired using NMR (Magneton Vision Siemens, 1.5 T) to assist the subsequent analysis of the functional images.
The same paradigm was used for both study groups. The somatosensory stimulation was obtained by passive execution of an extension (amplitude 30°, frequency 0.5 Hz) of the metacarpophalangeal joint of the right index finger. 7-10 An automatic device was used to ensure the reproducibility and synchronization of the task (Spacelabs, Issaquah, WA). 7 The distal part of the finger was immobilized by an individual cap, which could effectively abolish the pressure or tactile sense caused by the passive movement. 9 Other fingers of the right hand were fixed to the device. The movement produced by the equipment was completely noiseless. The passive movement was induced 30 seconds before the image acquisition was started.
During the resting state, subjects (patients and healthy volunteers) were asked to keep their eyes open and to let their thoughts wander freely. [11] [12] [13] These 2 states (passive finger movement and resting state) were repeated twice with an 8-minute interval between repetitions, and were randomized. The subjects' vital signs were monitored during the procedure (heart rate, mean arterial blood pressure, pulse oximetry, capnometry).
Data analysis.
The PET data were realigned, mapped to the standard Montreal Neurological Institute MRI template, and smoothed (8 mm 3 ). The images were processed on the basis of a pixel-by-pixel comparison of the images acquired during the passive movement phases against those obtained during the rest phases. The statistical analysis was based on the general linear regression model implemented in the SPM2 program (Welcome Department of Cognitive Neurology, Institute of Neurology, London, UK). A fixed effects comparison was performed between the 2 states. The contrasts between the maps for the different groups were calculated using repeated measures (analysis of covariance). A comparison between patients with traumatic brain injury and patients with anoxia was made on resting regional cerebral blood flow (rCBF) (2-sample t test). A comparison between patients and controls was also made (2-sample t test). Results are given for a threshold p Ͻ 0.05 corrected for multiple comparisons (family-wise error [FWE] ). Maps of the activations and deactivations, and differences in activation and deactivation are presented with a p threshold of 0.001 and corrected with a cluster size Ͼ40 voxels to reject false positives. 14, 15 Finally, a "psychophysiological interaction" 1,16-20 study was performed between the different groups. This enabled us to study functional connectivity between chosen regions of interest and the rest of the brain using a fixed effects approach. The results were considered significant for a whole-brain FWEcorrected p value of 0.05.
RESULTS
The vital signs recorded (heart rate, mean arterial blood pressure, pulse oximetry, capnometry) in the healthy subjects and patients did not change during the study procedure. All patients remained in PVS 1 month after PET scanning.
Cerebral blood flow in resting state. Patients essentially showed less rCBF in the posterior medial associative cortices (precuneus) (small volume correction [SVC] of a 12-mm-radius sphere around predetermined coordinates from healthy subjects, p FWE corrected Ͻ0.05; figure 1A ), in accord with the literature. [19] [20] [21] Moreover, during the same condition, we identified a higher rCBF in the midbrain tegmentum (ARAS) 22 (DMN). [11] [12] [13] Then, we performed a functional connectivity analysis. 1, [16] [17] [18] [19] [20] The ARAS, whose activity was functionally correlated to that of the precuneus in healthy subjects, showed no correlation with this structure in the patient group (corrected p value Ͻ0.05; figure 2 ). Comparison of deactivations between the 2 groups showed a significantly smaller degree of deactivation in the precuneus in the patient group than in the control group (SVC of a 12-mmradius sphere applied on precuneus, p FWE corrected Ͻ0.05; figure 3 ). Deactivations patterns were not significantly different between patients in PVS from traumatic origin compared with patients with anoxic brain injury ( p FWE corrected Ͻ0.05).
Activation maps. In the control subjects, the proprioceptive stimulus caused a significant increase in rCBF relative to the resting state, in the sensorimotor cortex (S1M1) contralateral to the right finger movement and the inferior parietal lobule (IPL; BA 40) bilaterally (SVC applied on contralateral S1M1 and BA 40 areas, p FWE corrected Ͻ0.05; figure e-1), in accord with the literature. [8] [9] [10] For patients in PVS, execution of the same paradigm was associated with an increase in rCBF only in the left S1M1 contralateral to the movement (SVC of a 12-mm-radius sphere applied on contralateral S1M1, p FWE cor- rected Ͻ0.05; figure e-1). Furthermore, we identified the brain regions that showed a smaller degree of increased activity between the resting state and the passive movement in patients in PVS: the IPL (BA 40) bilaterally (figure e-2). This pattern was common at all patients in PVS, independently of their etiology ( p FWE corrected Ͻ0.05). Finally, a psychophysiological interaction 1,16-20 analysis of the activity signal of the left S1M1 cortex (proprioceptive stimulus Ϫ rest) enabled us to demonstrate a loss of functional connectivity between this primary area (left S1M1) and the high-level associative structures recruited by the task (right and left BA 40) in patients, whereas functional connectivity was found in the controls (corrected p value Ͻ0.05; figure 4 ). Nevertheless, the functional link between these primary and secondary areas was different between the ipsilateral and contralateral sides in patients in PVS ( figure 4 ). Indeed, functional interac- . During PVS, an impaired functional connectivity was found between the ascending reticular activating system and precuneus (difference between slopes F ϭ 16.3, p Ͻ 0.0001). rCBF ϭ regional cerebral blood flow.
Figure 3 Brain regions that showed less decrease in activity during stimulation in persistent vegetative state than in controls
Interaction (rest vs finger movement) ϫ (patients vs controls) (images are displayed at a noncorrected threshold p Ͻ 0.005; small volume correction applied on precuneus, family-wise error corrected p Ͻ 0.05).
tions were diminished but persisted in the side contralateral to the passive movement, whereas they were abolished in the ipsilateral side in patients in PVS.
DISCUSSION Consciousness would come from multiple long-distance connections according to the global neuronal workspace theory, which predicts that damage to these long-distance white matter tracts would impair the access to consciousness. 23 Our work made a particular focus on the main areas of 2 competing systems, the ARAS and the precuneus, because both were altered in our group of patients in PVS, in an opposite way. Moreover, they rely on 2 main processes, external vs self-referential processes. Basal resting activity was first measured in patients and controls to detect abnormalities in these structures before assessing a putative impaired interaction, interaction that is involved in sensory perception.
Consciousness can be divided into 2 main components: arousal (i.e., wakefulness or vigilance) and awareness (e.g., awareness of the environment and of the self; figure 2 ). 20 Conscious perception of external sensory stimuli relates to the intensity of activation of ARAS in particular. 3, 24 Identifying the neural correlates of PVS, using functional brain imaging devices, offers 2 potential benefits. First, it could contribute to an assessment of the level and content of cognitive processing in noncommunicative patients. 21, [25] [26] [27] Clinical practice shows that recognizing unambiguous signs of conscious perception of the environment and of the self in some patients with brain damage can be very challenging 28, 29 because it depends on the subject's residual communication capacity and on the reproducibility of the behavioral tests that are performed. Second, a study of the brain function of this state could contribute to the identification of the neural substrates of perceptual awareness. 20, 30, 31 There has been growing interest in the study of regions of the brain with an intense basal metabolic activity in a neural network referred to as the DMN. Compared with healthy subjects, patients in PVS showed a smaller degree of deactivation in the precuneus. This region of the brain would represent a "critical node in the DMN." 11 Studies using functional brain imaging have identified the functional correlate of this structure: visuospatial imaging, episodic memory, and development of a concept of self from a first-person perspective, which is essential to the phenomenon of agency attribution. 32 These highly associative functions have been linked to the emergence of self-awareness within an individual reference framework. This hypothesis is supported by research that demonstrates selective hypometabolism in this posteromedial cortex during states of altered consciousness, such as sleep, 33 general anesthesia, 34 or PVS. 21 Furthermore, the functional recovery of these patients seems to be linked with normalization of the metabolic activity in this region of the brain. 19 Our first hypothesis was that the ARAS, which deals with wakefulness, would display a preserved metabolism. We effectively found an activity in this area; however, it was partly abnormal because it was hyperintense. Higher spontaneous activity in the vigilance system and in areas involved in external stimuli perception has a facilitatory effect on external stimuli perception. 35 Thus, we wondered whether these patients would display a hypersensitivity to external stimuli. Because no hyperactivation was seen in the primary sensory cortex, this hypothesis does not seem reliable. However, this result strengthens our second hypothesis of an impaired functional connectivity between ARAS and upper structures such as the thalamus or precuneus in patients in PVS. Regarding this second hypothesis, we did not find the thalamus, but the precuneus (figure 2). Not finding the thalamus is not surprising, because we know that the ascending sensory pathway ending in the primary sensory cortex S1 is preserved in PVS. We suggest that the functional connectivity found in controls between the ARAS and the precuneus arises from a direct or indirect anatomic link: precuneus toward ARAS 32 or ARAS-thalamus, 36 and then thalamusprecuneus. 32 It is likely that an impaired metabolism in the precuneus modulates the activity of the ARAS as a top-down process and induces the abnormal hyperactivation. These data are in accord with neural models of the emergence of consciousness within a "global workspace" divided into 2 competing systems: one allowing conscious access to external stimuli (modulated by the ascending systems) and another allowing self-referential processes (DMN). 23, 30 This model predicts a facilitatory effect of a vigilance-related increase in cerebral spontaneous activity on external stimuli processing. 35 Impaired functional connectivity between both structures in PVS highlights functional dysfunction which may underlie altered conscious perception.
The ARAS is located at a critical juncture in the inflow of sensory information and can modulate conscious states. 22 Assessing dynamic changes of brain function between a relaxed awake resting state and an attention-demanding task showed a significant increase of rCBF in the ARAS 36 and an opposite pattern in the precuneus. [11] [12] [13] In healthy subjects, the fluctuations of activity in these 2 structures (precuneus and ARAS) in the basal state are opposite and are thought to predict whether a somatosensory stimulus will be consciously perceived. 3 Our study shows that these 2 structures interact also during a sensory stimulus. Circadian promotion of alertness is associated with increased relative metabolism in the ARAS and decreased relative metabolism in posterior cortical regions, including the precuneus. 37 For example, several works suggest that a synchronized transition between the waking state and non-REM sleep can be established only if these regions interact in a wellbalanced way. 38 Finally, it should be mentioned that, in patients with multiple sclerosis, some studies have shown the involvement of ARAS in the impairment of attentional processes 39 and conscious perception of external stimuli. 24 Using H 2 O 15 PET while electrically stimulating the median nerve, a significantly smaller degree of activation has been identified in brain associative areas in patients in PVS compared with control subjects. 10 In addition, it seems that an impaired functional connectivity between primary cortex and associative structures is characteristic of the patient group. The authors interpreted these results as being linked to the functional isolation of high-level integrative structures which would be essential for accessing consciousness. 1, 18, 20 Our experiment, based on a different and more ecologic stimulation (proprioceptive stimulation), seems to confirm this hypothesis. For the stimulation (passive movement), a special device was used that could selectively activate brain regions related to proprioception. 7 It is important to point out that, in our case, the stimulus was nonpainful, which obviates concerns associated with whether such patients, who cannot communicate, experience pain. 1 We identified a smaller degree of activation of high-level associative structures (BA 40 on both sides) in patients in PVS despite a comparable recruitment of the primary cortex (contralateral S1M1). Interestingly, in the PVS group, an impaired functional connectivity was found between the contralateral S1M1 and bilateral BA 40 which was different between the ipsilat-eral and contralateral sides in patients in PVS, preserved in the contralateral hemisphere and abolished in the ipsilateral one ( figure 3 ). This discrepancy with previous work 1 may account for the difference between stimuli (noxious vs nonnoxious). Thus, preserved functional connectivity between S1M1 and BA 40 in the case of an intermediate level of consciousness, as in a minimally conscious state, 40 must be interpreted with caution and not as an objective evidence of a putative pain perception capacity.
At present, we have several proofs of the existence of a link between the development of perceptual awareness and the interaction of the sensory cortices with a high-level frontoparietal network. However, the role of the sensory cortices in relation to highlevel structures is still a controversial issue. Some patients in PVS do seem to have "islands of brain activation" within the associative structures. 27 Future studies in this area will need to address the following questions: What is the minimal degree of complexity of the underlying neural network? What are the precise roles of functional connectivity in the corticocortical and corticosubcortical connections during altered states of consciousness? What is the diagnostic and prognostic value of the functional lesions that are identified? 
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